Abstract
To determine the importance of individual features in explaining the retention rate 1 differences among function groups, we determined the change in explained variance caused by 2 independently removing each feature from the model ( Table 2 ). As expected, features which 3 are used in more models have a greater impact on variance explained when removed. Note, 4 maximum expression (RNA-seq) with a positive sign and expression mean (AtGenExpress 5 microarray) with a negative sign were important to models for all three WGD events. This would 6 suggest that more specific expression (i.e. lower average across all conditions, but higher 7 maximum expression under a few specific conditions) increases the likelihood of duplicate 8 retention. Additionally, fewer domains, lower expression correlation with paralogs, and lower 9 nucleotide diversity, were all significantly features of the β and γ models, indicating that these 10 features had a greater impact on older duplication events. These findings suggest long term 11 retention of duplicates favors genes experiencing stronger purifying selection at the primary 12 sequence level (low nucleotide diversity) than at the level of gene expression patterns (lower 13 expression correlation reflecting higher degrees of expression divergence). The remaining 14 feature were found in only one of the models and had significant but much smaller impacts on 15 the variance explained than the features discussed above ( Table 2) . 16 Expression MAD/Median (AtGenExpress) --0.09 n/a n/a Protein Length (in Amino Acids) + -0.07 n/a n/a Paralog Dn + n/a -0.07 n/a the source of the difference, we determined the importance of each feature to the classifier by 11 calculating the Mean Decrease in Accuracy (MDA) which is the average number of genes 12 misclassified across multiple runs as a result of removing a feature (Table 3) . Given TFs are the 13 least well predicted, we suspected the informative features for predicting retention in TFs would 14 differ greatly from those for the genome at large and the protein kinases. Contrary to this 15 expectation, the ranking of importance for TF WGD-duplicate prediction was more similar to the 16 ranking of features for the whole genome prediction (Spearman's rank, ρ = 0.86) than the 17 ranking of features protein kinases to the whole genome prediction (Spearman's rank, ρ = 0.51). 18 This finding suggests that the feature value distributions of TF WGD-duplicate and WGD -19 singletons are more similar to the genome at large. Therefore, the reason that TF duplicate 20 prediction model had lower performance was not simply because their feature values were 21 substantially different from other duplicate genes. Instead, the features examined simply have 22 lower importance in general for predicting TF retention (average MDA=11.3) than for other 23 genes (average MDA=47.9), suggesting there are additional features important for TF retention 24 that were not considered. For example, we might expect the number of DNA binding sites to be 25 predictive of duplication status as an indication of the breadth of function of the TF which is 26 related to the probability that a duplicate copy has been retained through subfunctionalization or 1 gene balance. 2 3 0.4 (20) 1: The importance of the feature as defined by the mean decrease in accuracy of the 6 classification when the feature is removed. Features are ordered according to the rank of their 7 importance in the whole genome model and the rank of each value for each model is indicated 8 by (), 9
Furthermore, the most informative feature for classifying kinases and the whole genome, 1 the percent identity to the best matching paralog in A. thaliana, was less important when applied 2 to TFs (Table 3) . Although the maximum percent identity of WGD-duplicates compared to 3 WGD-singletons is significantly higher in full genome (p = 1e-320), protein kinases (p = 1.1e-4 36), and TFs (p = 6.2e-12), the magnitude of the difference was greater for protein kinases 5 (11.2%) and the whole genome (11.3%) than TFs (4.4%). This is due to WGD duplicate TFs 6 having lower maximum percent identity (71.3%) than either kinases (75.2%, p=4.1e-24, t-test) 7 or all genes (72.5%, p=5.9e-83 , t-test), while WGD-singletons TF had higher identity (66.9%) 8 than kinases (64.0%, p=4.2E-35, t-test) and all genes (61.3%, p=1.9e-223, t-test). This 9 observation may related to non-duplicate TF genes having apparent paralogs more often than 10 non-duplicate genes do on average across the A. thaliana genome (Fig S2) . The variance in the 11 importance of maximum percent identity accounts for most of the performance difference across 12 the classifiers as removing this feature yields similar results from all three (Fig S3) . Similarly, 13 inflating the difference in the percent identity of TF WGD-duplicates and WGD-singletons from 14 4.4% to 11.2% (the difference for protein kinases) would raise the predicted retention of TF from 15 the γ WGD from 2.50 to 2.94, making up for more than half of the original error. 16 We would expect that other features used in our linear models (Table 2) would also be 17 useful for classifying genes within function groups. However, the average importance rank of 18 features found in more than one linear model was low (13.9 of 20), with the maximum 19 expression value in RNA-seq being the worst feature in both the whole genome and TF 20 classifiers. Of the four linear model features, mean expression in AtGenExpress had the highest 21 rank in the whole genome (12th), TF (7th), and kinase classifiers (5th). However, the difference 22 in mean expression between WGD-duplicates and WGD-singletons was not consistent: WGD 23 duplicates genes were more highly expressed across the whole genome (+0.32, p=4.0e-23), 24 and TFs (+0.37, p=1.0e-4), but in protein kinases WGD-singletons were more highly expressed, 25 though not at a significant level (-1.1, p=0.77). Hence, not only does relationship between gene 26 features and retention depend on the gene function, but the relationship within individual 1 function groups can be the opposite direction of the relationship across function groups. For 2 example, the high retention of the TF function group is in part due to relatively low average 3 expression in AtGenExpress, but within TFs, genes with higher average expression are more 4 often WGD duplicates. This suggests that selection for duplicate retention is dependent not only 5 on function and features, but their interaction as well, though the exact nature of these 6 interactions is beyond the scope of this study. 7
Partitioning of ancestral expression states following TF duplication 8
While the gene features ( (Fig 4A) . Although all possible changes in expression state were observed between 25 ancestral and extant TFs in each expression data subset, the most common ancestral-extant 1 expression state combination was that the ancestral and extant TFs had the same expression 2 quartiles (diagonal red boxes, Fig 4A) . This is true across all expression quartiles, though the 3 deviation from expectation was greatest for expression values in the lowest (0) and highest (3) 4 quartiles. This general pattern holds across all four data subsets (Fig S4) , suggesting that most 5
TFs WGD-duplicates retain their original expression irrespective of what that expression is. 6
However, when considering a pair of duplicates, we found that when the ancestral state was 7 retained in one duplicate, it was lost more often in the other duplicate than expected by random 8 chance (Fig 4B) . This "partitioned" state of TF WGD-duplicates pairs is most over-represented 9 in duplicates from the α event compared to duplicates from the older β and γ events (Fig 4B) . In 10 these older WGD events, having neither duplicate inherit the ancestral expression state is more 11 common than the partitioned state where only one copy inherits the ancestral state. Using 12 ANOVA, we confirmed that there is indeed significant interaction between the expression state 13 of a TF WGD-duplicate pair and the timing of the WGD event (p<2e-16), which indicated that 14 partitioning occurred relatively quickly after the most recent WGD, but that these partitioned 15 patterns were not necessarily retained as the duplicates age. 16 Next we asked if TF duplicates expression tends to increase or decrease when they 17 deviate away from the ancestral state. Because we found a significant interaction between the 18 expressions state evolution of TF WGD-duplicate pairs and the subset of the expression data 19 used (p=2.5e-05), we asked this question for each subset of expression datasets individually. 20
For the LightDev (Fig 4B) , Ctrl, and Stress expression subsets (Fig S5) To test the significance of this difference in non-ancestral expression amongst 3 expression subsets, we modeled the evolution of ancestral expression (O) to higher (+) and 4 lower (-) expression states following a WGD duplication event was modeled using ordinary 5 differential equations (see Methods). We compared a one-parameter model where the rates of 6 transition from (O) to (+) and (-) were set to be equal to a two-parameter model where the rates 7 to (+) and (-) were allowed to differ (Fig S6) . The two parameter model was only significantly 8 better than the one parameter model for the LightDev (likelihood ratio test, p=2.2e-11), Ctrl 9 (p=2.7e-3), and Stress (p=2.9e-3) subsets. For these subsets, the rate of evolution from (O) to (-10 ) was 1.9~3.1 times more frequent than that from (O) to (+). For the Diff subset, (O) to (-) was 11 only 1.2 times more frequent, which was not significant (p=0.43). In summary, these results 12 suggest that the evolution of TF duplicates favors decreasing expression levels relative to the states retained by a single WGD-duplicate to follow a binomial distribution for the given number 25 of partitioned expression states (n) and a retention probability of 0.5 such that each copy is 1 equally likely to retain ancestral express states. Under this scenario, the expected asymmetry of 2 a duplicate pair (the difference in the fraction of ancestral states inherited between duplicates) is 3 0.18 given the observed distribution of partitioned states. However, the actual mean asymmetry 4 between TF WGD-duplicates was 0.67, which is unlikely to have been generated by random 5 partitioning (p<1e323) expected under the subfunctionalization model. In fact, in 35.1% of 6 cases, one WGD-duplicate retains all the ancestral expression and the distribution is highly 7 biased towards higher asymmetry (Fig 5A) . As with the mean asymmetry, the skewed 8 distribution of asymmetry values is also significantly different from what was expected from 9 random partitioning (Kolmogorov-Smirnov test, p<2.2e-16). This biased partitioning was also 10 found within the Ctrl (mean=0.84), LightDev (mean=0.67), Stress (mean=0.69), and Diff 11 (mean=0.56) subsets. Given these results, for TF WGD-duplicate pairs we can generally define 12 one duplicate as being "ancestral" and the other as being "non-ancestral". Why then is the non-13 ancestral copy being retained? One hypothesis is that the non-ancestral copy is retained 14 because it has acquired a novel function. 15
To test whether the non-ancestral copies tend to have novel functions, we first applied 16 our model of ancestral-state partitioning to cis-regulatory sites. We used cis-regulatory sites 17
here because the discretized expression levels used above allowed us to determine the 18 direction of changes away from the ancestral expression state, but not whether an expression expected if WGD-duplicate and ancestral genes were randomly associated (42.3%; t-test, p<1e-25 323). In contrast, retention (15.8%, p<1e-323) and loss (10.2%, p<1e-323) of ancestral cis-26 regulatory sites in both WGD-duplicates were significantly less frequent than randomly 1 expected. Similar to ancestral expression state evolution, the partitioning patterns of ancestral 2 cis-regulatory sites were highly asymmetric (Fig 5B) , resulting in a distribution that is 3 significantly different from the distribution generated by random partitioning (Kolmogorov-4 Smirnov test, p< 2.2e-16). Thus, much like what we observed for expression, these results 5 suggest that, with regard to cis-regulatory sites, TF WGD-duplicates can be classified into 6 ancestral and non-ancestral copies. Most importantly, amongst the 249 duplicate pairs with at 7 least one novel regulatory site, in 71.0% of cases the non-ancestral copy had more novel cis-8 regulatory sites (Fig 5C) . This is significantly different from what would be expected if ancestral 9 site retention and gain of novel regulatory sites associated independently (49.8%, p < 3.8e-12). 10
Furthermore, in 61.8% of pairs only the non-ancestral copy had novel sites, while the ancestral 11 copy contained all of the novel sites in only 14.0% of pairs. These patterns suggested that, the 12 gains of novel cis-regulatory sites likely contribute to the retention of the non-ancestral TF 13 duplicate copies. 14 Note that we can divide each pair of WGD-duplicates into an ancestral copy and a non-15 ancestral copy based on either expression or cis-regulatory site information. Given the important 16 roles of cis-regulatory sequences in regulating gene expression, we expected that the ancestral 17 and non-ancestral designation defined according to expression data should be similar to that 18 defined based on cis-regulatory sites. Among the 179 TF WGD-duplicate pairs with data on 19 gene expression and regulatory sites, 59.8% follow this expected pattern. This percentage was 20 higher than expected by random association (24.6%, p = 1.8e-20). After examining the evolution 21 of expression states of TFs and cis-regulatory sites controlling TF expression, the next question 22 is how the regulatory targets differed between TF WGD-duplicates. This is currently not feasible 23 because the A. thaliana TF-target data set was too sparse for clear inference, however, we 24 have demonstrated that evolution of WGD-duplicates clearly favors the partitioning of ancestral 25 states into distinct ancestral and non-ancestral duplicates. 26
Patterns of WGD-duplicate divergences and partitioning results from evolutionary bias 1
We have demonstrated that partitioning of ancestral expression and regulation into 2 ancestral and non-ancestral duplicates is favored following WGD-duplication of TFs. It remains 3 an open question if this preference is due to bias towards partitioning or simply results from the 4 progressive loss of ancestral function from duplicate genes. One possible explanation for the 5 observed frequency of partitioning is that it results from the timing of WGD duplications in the A. 6 thaliana lineage. Assuming that mutations occur and are fixed by drift, the time required for 7 mutations that alter expression patterns to accumulate in two WGD-duplicated loci is expected 8 to be longer than that for a single locus. Under the scenario where all mutations occur and are 9 fixed at a constant rate, there would be a time when we would expect to find partitioning of 10 ancestral state enriched simply because duplicate pairs are more likely to have lost the 11 ancestral state at a single locus than both loci or neither loci. In contrast, if there is bias for the 12 partitioning of ancestral states, we would expect the loss of the ancestral state at the first locus 13 of a TF WGD-duplicate pair to occur must faster than at the second locus. and neither (state O) duplicate had lost ancestral expression was modeled (Fig 6A) . We 20 compared a model where the rates of transitions between all states were equivalent (one-21 parameter model, Fig 6B) with a model where the transition rates between state II and I were 22 allowed to vary from those between state I and O (two-parameter model) (Fig 6C) . These 23 models were applied to all expression subsets, the results for the LightDev dataset are shown in 24
Fig 6 and the remainder can be found in the supplement (Fig S7) . 25 Regardless of the expression data set, the transition rates between state O (ancestral 3 expression in both duplicates) and I (ancestral expression in on duplicate) were 7-13 times 4 higher than the rates between state I and II (ancestral expression in neither duplicate). Given 5 that a pair of TF WGD duplicate would have the same expression patterns as their ancestral 6 gene initially (state O), our finding suggests that the number of partitioned WGD-duplicates 7 accumulated relatively rapidly post WGD, followed by slow accumulation of WGD-duplicates 8 pairs where ancestral expression had been lost entirely. Applying this same approach to model 9 regulatory site evolution revealed an even more extreme difference, as the rates governing the 10 transition between state O and I are two orders of magnitude higher than between state I and II 11 (Fig 6E-G) . Additionally, since the best fit model for the regulatory data involved allowing all four 12 rate parameters to vary (p-values 4.8e-13 and 1.2e-11 vs. 1 and 2 parameter models 13 respectively), we can state that rates for transition to state I are higher than the accompanying 14 transition rates away (Fig 6H) . This pattern does not hold when the four parameter model is fit 15 to ancestral expression state (Fig 6D) , however, the model overall was not significantly better 16 than the two parameter model at a threshold of p-value < 0.05, implying that faster transition 17 between O and I compared to I and II is a better at explaining the evolution of expression states. 18
The non-equivalency in the rate at which the ancestral state is lost in the first and 19 second duplicates indicates that the frequency of partitioning is not trivial, but rather results from 20 a bias against losing the ancestral state from the second TF WGD-duplicate relative to the first. 21 Furthermore, in the case of ancestral regulatory sites, we found that evolving towards a 22 partitioned state was always favored over the corresponding path away from partitioning. This 23 suggests that partitioned TF WGD-duplicates pairs do not accumulate simply because of 24 selection against having both duplicates ancestrally expressed, but that maintaining the original 25 number of ancestral states is favored. In summary, these results combined with the finding that 26 novel cis-regulatory sites tend to accumulate in the non-ancestral duplicate, suggest that 1 partitioned WGD-duplicate TFs result from selection on one copy that has neofunctionalized 2 while the other maintains the ancestral gene function. duplicates are retained at different rates across function groups depending on their expression, 20 conservation, and structure, suggesting these features are related to the selection for or against 21 retaining a duplicate pair. Importantly, the trends that apply to function groups in general do not 22 necessarily hold for individual duplicates, suggesting unaccounted for interaction between 23 function and features. In addition, the retention rate of TF WGD duplicates, once normalized 24 against the retention rates of other genes in the genome, is higher for older duplication events. 25 despite the fact that the TF duplicates were generated ~50 and ~140 million years ago for the importantly, the non-ancestral copy tends to gain novel cis-regulatory sites. This pattern harkens 7 back to the notion of there being an ancestral copy and a neofunctionalized copy after 8 duplication, contributing to the retention of both duplicates (Ohno, 1970). Thus, for duplicate 9 copies with significant expression and cis-regulatory site differences, both neofunctionalization 10 and subfunctionalization are likely important for duplicate retention, with the former playing a 11 more important role. 12
Rather than suggesting a singular explanation of why TF WGD-duplicates are retained, pattern of TF evolution is consistent across multiple species, it is possible that TF families may 8 evolve differently from each other. In future studies, it will be important to directly compare the 9 size, rate of retention, and rate of partitioning both within and across species in individual 10 families. A multi-species comparison will also be informative for further our understanding of the 11 interplay between WGD and TF retention. For example, we found that Table S4 . The Diff data contains the log2 normalized 18 difference between data sets for each stress condition/treatment/duration and its corresponding 19 controls. In addition to microarray data, we have included a set of 214 RNA-sequencing 20 samples (Table S5) Table S6 . 20
Fitting duplicate retention rate within each group of genes for each WGD event using 21
linear models 22
A gene was designated as a WGD-duplicate if its paralog derived from a particular WGD 23 event is present. For a gene without its paralog from WGD, it was designated as a WGD-24 correlation between all features to find all cases where the absolute value of correlation was > 9 0.7. The considerations for which features to keep included: (1) how well each feature 10 correlated with R g,w on its own, (2) whether the feature was derived from a subset of another 11 feature, and (3) the number of other features with a correlation > 0.7 (favored the elimination of 12 more features). In addition to the above criteria, one data set (protein-protein interactions) was The change in expression states from the ancestral expression quartile to either a higher 22 or lower quartile in an extant TF was modeled as a system of ordinary differential equations 23 such that: 24 -3 0 1 2 3 -3 -2 -1 0 -5 -7 14 n/a n/a n/a n/a n/a n/a -2 -9 16 -8 -8 23 -13 -9 -38 23 16 15 -8 -9 -8 -4 -5 -2 1 -3 -5 8 n/a n/a n/a n/a n/a n/a 4 -3 5 -4 4 6 -5 -4 -12 6 6 5 2 -5 -5 -3 -4 -3 8 1 -2 0 n/a n/a n/a n/a n/a n/a 4 -1 1 -2 5 2 -4 -3 -1 -2 1 3 9 -3 -4 -1 -2 0 -1 -2 1 3 n/a n/a n/a n/a n/a n/a -1 -6 12 -9 -13 24 -16 -5 -30 19 9 4 -5 -5 -2 -1 0 1 2 1 1 n/a n/a n/a n/a n/a n/a 0 -5 7 -6 -2 10 -11 -2 -13 8 3 1 4 -2 -1 0 0 0 1 0 -1 2 n/a n/a n/a n/a n/a n/a 
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